Abstract Cystic fibrosis (CF) is caused by mutations in the CF transmembrane conductance regulator (CFTR) that affect protein structure and channel function. CFTR, localized in the apical membrane within cholesterol and sphingomyelin rich regions, is an ABC transporter that functions as a chloride channel. Here, we report that expression of defective CFTR (#F508CFTR or decreased CFTR) in human lung epithelial cell lines increases sphingolipid synthesis and mass of sphinganine, sphingosine, four long-chain saturated ceramide species, C16 dihydroceramide, C22, C24, C26-ceramide, and sphingomyelin, and decreases mass of C18 and unsaturated C18:1 ceramide species. Decreased expression of CFTR is associated with increased expression of longchain base subunit 1 of serine-palmitoyl CoA, the rate-limiting enzyme of de novo sphingolipid synthesis and increased sphingolipid synthesis. Overexpression of #F508CFTR in bronchoalveolar cells that do not express CFTR increases sphingolipid synthesis and mass, whereas overexpression of wild-type CFTR, but not of an unrelated ABC transporter, ABCA7, decreases sphingolipid synthesis and mass. The data are consistent with a model in which CFTR functions within a feedback system that affects sphingolipid synthesis and in which increased sphingolipid synthesis could reflect a physiological response to sequestration of sphingolipids or altered membrane structure.-Hamai, H., F. Keyserman, L. M. Quittell, and T. S. Worgall. Defective CFTR increases synthesis and mass of sphingolipids that modulate membrane composition and lipid signaling.
Abstract Cystic fibrosis (CF) is caused by mutations in the CF transmembrane conductance regulator (CFTR) that affect protein structure and channel function. CFTR, localized in the apical membrane within cholesterol and sphingomyelin rich regions, is an ABC transporter that functions as a chloride channel. Here, we report that expression of defective CFTR (#F508CFTR or decreased CFTR) in human lung epithelial cell lines increases sphingolipid synthesis and mass of sphinganine, sphingosine, four long-chain saturated ceramide species, C16 dihydroceramide, C22, C24, C26-ceramide, and sphingomyelin, and decreases mass of C18 and unsaturated C18:1 ceramide species. Decreased expression of CFTR is associated with increased expression of longchain base subunit 1 of serine-palmitoyl CoA, the rate-limiting enzyme of de novo sphingolipid synthesis and increased sphingolipid synthesis. Overexpression of #F508CFTR in bronchoalveolar cells that do not express CFTR increases sphingolipid synthesis and mass, whereas overexpression of wild-type CFTR, but not of an unrelated ABC transporter, ABCA7, decreases sphingolipid synthesis and mass. The data are consistent with a model in which CFTR functions within a feedback system that affects sphingolipid synthesis and in which increased sphingolipid synthesis could reflect a physiological response to sequestration of sphingolipids or altered membrane structure.-Hamai, H., F. Keyserman, L. M. Quittell, and T. S. Worgall. Defective CFTR increases synthesis and mass of sphingolipids that modulate membrane composition and lipid signaling. Cystic fibrosis (CF) is caused by mutations in the CF transmembrane conductance regulator (CFTR), an ABC protein that functions as a chloride channel (1) . CFTR is expressed in the apical membrane of epithelial cells and is connected through filamin with the actin cytoskeleton (2) . Several studies suggested that CFTR localizes within cholesterol-and sphingomyelin-rich membrane regions (3, 4) . It is well accepted that reduced airway surface liquid volume is the initiating event in CF airways disease pathogenesis; however, how defective CFTR causes the complex phenotype associated with CF that includes an increased inflammatory state, dyslipidemia and osteoporosis, has not been fully understood (5) . Global gene expression and proteomic analyses have not identified a distinct pathway but revealed that defective CFTR results in upregulation of genes and proteins involved in protein ubiquitination, mitochondrial oxidoreductase activity, and lipid metabolism and implicated defects in the NFkB, lipid, and HSP70 systems (6) (7) (8) . More recently, defective CFTR has been associated with altered sphingolipid patterns and metabolism (9) (10) (11) (12) .
Sphingolipids are a ubiquitous and highly diverse class of cellular lipids that are defined by the presence of a sphingosine backbone. Sphingolipids are key structural components of the cell membrane; they define, together with cholesterol, lipid rafts and constitute, partially independent of this structural function, a specific group of lipid signaling compounds (13) . Elaborate feedback mechanisms regulate synthesis and catabolism to ensure homeostasis of pro-apoptotic ceramide, proliferative sphingosine, and synthesis of sphingomyelin, a major membrane lipid. The major pathway of sphingolipid synthesis occurs through recycling of long-chain sphingoid bases that are derived from the catabolism of complex sphingolipids. In contrast, de novo synthesis is not as ubiquitous and is often found to be increased in cells with a high proliferation rate (14, 15) . Serinepalmitoyl transferase (SPT), found in the endoplasmic reticulum, is the rate-limiting enzyme of de novo synthesis. SPT is a multimeric enzyme that is composed of a long-chain base subunit 1 (LCB1) that heterodimerizes with subunits II and III (16) (17) (18) .
Two different groups recently investigated ceramide mass in different CF mouse models, yet came to opposite conclusions whether absence of wild-type CFTR increases or decreases ceramide mass (11, 12) . The group that found significantly increased plasma and tissue ceramide levels in mice older than 16 weeks had investigated several different CFTR 2/2 mouse models (12) . One mouse model, Cftrtm1Unc-Tg(FABPCFTR), is deficient for the mouse equivalent of human CFTR but expresses human CFTR in the gut under control of a fatty acid binding protein promoter to prevent acute intestinal obstruction. Other mouse models produced low levels of CFTR or expressed the S4893 mutation. Increased ceramide mass was shown to result from an imbalance of acid sphingomyelinase and ceramidase activity. Intraperitoneal treatment with amitryptiline, a cationic amphiphile that disrupts lysosomal function resulting in proteolytic degradation of acid ceramidase as well as sphingomyelinase, decreased pulmonary ceramide and prevented all pathological findings, including increased susceptibility to infection (12) . The other group found decreased ceramide in plasma, lung, ileum, and pancreas in a complete CFTR knockout model and decreased levels in heterozygote animals (11) . In contrast to the studies that found increased ceramide mass, mice found to have decreased ceramide were complete CFTR knockouts that necessitate a special diet, such as Peptamen, to avoid intestinal obstruction. It was observed that this diet can reduce ceramide levels and inhibit acid sphingomyelinase by inducing a 3-fold increase of cholesterol in the lungs of CFTRdeficient mice (12) . Specific mechanisms for decreased ceramide mass were not evaluated in the study that found decreased ceramide mass, but analysis of plasma from eight CF patients that express the DF508CFTR mutation and two patients with a non-DF508CFTR genotype also showed a decrease in the average mass of total ceramide plasma and noted a decrease of select ceramide species (11) . Administration of fenretinide increased ceramide levels and was associated with a significantly increased ability to combat infection and, in a consecutive study, to prevent the development of osteoporosis that characterizes CF (11, 19) . Aside from the potential effect of the diet, other possible causes that could lead to the discrepant results in ceramide levels in CFTR knockout mice could be the different mouse strains, evaluation at different ages, and different methods used to determine ceramide mass.
In this study, we demonstrate that expression of defective CFTR in cultured cells increases sphingolipid synthesis through de novo and recycling pathways, resulting in increased mass of sphinganine, sphingosine, sphingomyelin, four long-chain saturated ceramides, and decreased mass of C18 and C18:1 ceramide species. (20) . A549 are human alveolar epithelial cells that do not express CFTR (21) . 16HBE14o(2) are human bronchial epithelial cells that stably express episomal CFTR in the sense or antisense orientation. These cells were obtained from Dr. Alice Prince at Columbia University (22) . C38 and IB3 cells were grown in LH-8 medium (Invitrogen), 16HBE14o(2) cells were grown in MEM/F12 medium (Gibco), and A549 cells were grown in DMEM (Gibco). All media were supplemented with 1% glutamine (v/v), 1% penicillin/streptomycin (v/v), and 10% FBS (v/v). All cells were grown at 37°C in humidified CO 2 (5%).
MATERIALS AND METHODS

Materials
Adenovirus vectors
All adenoviral vectors used in this study were purchased from the Penn Vector Core (www.uphs.upenn.edu/penngen/gtp). The AdNull vector contains no transgene, AdCFTR contains human wild-type CFTR, and AdDF508CFTR contains the DF508 mutant. All adenovirus vectors are serotype 5 vectors.
Adenovirus-mediated transduction
Cells were plated in 24-or 96-well plates at 80% confluency and incubated with 10 12 pfu/ml Ad-vector in serum-free medium. After 2 h, growth medium containing 10% FBS was added. Experiments were carried out 48 h after infection.
Protein determination
Total cellular protein concentration was determined by the Bio-Rad (Hercules, CA) method, and BSA was used as a standard.
Sphingolipid synthesis
Sphingolipid synthesis was assessed by radiotracer incorporation. Cells were plated at 80% confluence in 12-well plates and incubated for 2 h in 1% fatty acid-free BSA in serum-free medium containing either 3 H-serine (1 ml/ml) to assess sphingolipid de novo synthesis or 3 H-sphinganine (1 ml/ml) to assess sphingolipid synthesis through recycling pathways. To assess sphingomyelin synthesis, cells were incubated for 4 h in 1% fatty acid-free BSA in serum-free medium containing 3 H-choline (1 ml/ml). At the end of the incubation period, medium was discarded and cells were washed twice, lysed with 300 ml of lysis buffer (250 mM TrisHCl), and harvested by scraping. A fraction was used for protein quantification. Lipids were extracted using chloroform/methanol/ water (1:1:0.9) (23, 24) . The organic phase was evaporated, dissolved in 50 ml chloroform/methanol (1:1) spotted on thin-layer chromatography plates (Merck Silica gel 60; Darmstadt, Germany), and chromatographed for 70 min with chloroform-methanol-water (64:35:4, v/v) to separate all ceramides from sphingomyelin or chloroform-ammonium hydroxide-water (65:25:4) to separate sphingosine, sphinganine, and ceramide. Ceramides, sphingomyelin, phosphatidylserine, sphinganine, and sphingosine, all dissolved at 1 mg/ml, were run as standards. The lipids were identified according to their Rf values after visualization in an iodine vapor tank. The thin-layer chromatography plate was cut at the corresponding lipid spot, mixed with scintillation fluid (Ultima Gold; Packard Instrument, Meriden, CT), and analyzed in a scintillation counter (Perkin-Elmer Wallac, Gaithersburg, MD). Results are calculated as dpm/mg protein and, for comparison between different experiments, expressed as a percentage of control.
Sphingomyelin mass determination
Sphingomyelin mass was assessed with an enzymatic method (25) . Cell extracts (50 mg) were incubated, in triplicate, in 100 ml of a reaction buffer containing alkaline phosphatase (10 U/ml), choline oxidase (0.3 U/ml), peroxidase (20 U/ml), alkaline phosphatase (15 U/ml), 4-aminoantipyrine (730 mM), DAOS (730 mM), Tris-HCl (0.05 M), and CaCl 2 (0.66 mM) in the absence (negative control) or presence of sphingomyelinase (0.05 U/ml) for 30 min. The colorimetric assay was read at 595 nm in a spectrophotometer. Absorbance of the negative control samples lacking sphingomyelinase were subtracted from samples incubated in the presence of sphingomyelinase. Results are obtained after comparison to a standard curve generated from incubating sphingomyelin (1 to 4 mg, dissolved in methanol).
Sphingosine, sphinganine, and sphingosine-1-phosphate mass determination
Sphingolipid base mass was determined by electrospray ionization tandem mass spectrometry analysis on a Thermo Finnigan TSQ 7000 triple quadrupole mass spectrometer operating in a multiple reaction monitoring positive ionization mode. This analysis was carried out by the Lipidomics analytical core at University of South Carolina, Charleston, SC (26) . Sphingoid base mass was normalized to cellular inorganic phosphate (27) .
Western analysis
Cells were scraped, pelleted at 1,000 g, and lyzed in 10 mM Tris-HCl, 100 mM NaCl, and 1% SDS, pH 7.6. Samples were boiled for 10 min before electrophoresis, except samples intended for detection of CFTR that were kept for 30 min at room temperature in SDS-containing Laemmli loading buffer. An aliquot of each sample (30-50 mg of protein) was separated by electrophoresis on a 7.5% Tris-glycine gel. The monoclonal antibody against CFTR (monoclonal anti-human CFTR R domain, clone 13-1) was obtained from R and D Systems (Minneapolis, MN); the polyclonal antibody against CFTR was obtained from Cell Signaling Technologies (www.cellsignal.com; # 2269), the LCB1 antibody was obtained from BD Biosciences (San Jose, CA). The ABCA7 expression plasmid (in a pCMV-sport6 vector) and the polyclonal ABCA7 antibody, raised against the last 15 amino acids of mouse ABCA7, were obtained from Dr. Alan Tall (28) . Actin antibody was obtained from Sigma-Aldrich. The peroxidaselabeled anti-mouse IgG (NIF 824) was obtained from Amersham (Piscataway, NJ). Detection was performed using Super Signal West Femto maximum sensitivity substrate (Pierce, Rockford, IL). Protein mobilities were compared with prestained broad-range molecular weight standards (Bio-Rad).
Data analysis
Statistical significance was calculated by paired t-tests. Unless otherwise indicated, results are given as mean 6 SD. All experiments were repeated on different days at least three times and each time in triplicates.
RESULTS
Decreased CFTR expression or expression of #F508CFTR increases sphingolipid synthesis
Sphingolipid synthesis was evaluated in two established CF model lines and their respective controls. IB3 cells are bronchoepithelial cells that express DF508CFTR, the mutation that is present in ?80% of patients with CF. The C38 control cell line was generated to express wild-type CFTR by stable infection of IB3 cells with an adeno-associated virus vector (20) (2) sense, expresses a scrambled control construct. Sphingolipid synthesis was assessed using standard methods that evaluate incorporation of radiolabeled precursors into ceramide. To assess sphingolipid synthesis through recycling pathways, cells were incubated with 3 H-sphinganine. To assess SPTdependent de novo synthesis, cells were incubated with 3 Hserine. Sphingolipid synthesis through the de novo pathway was higher (P , 0.02) in IB3 cells compared with C38 cells and higher (P , 0.01) in 16HBE14o(2) antisense cells compared with 16HBE14o(2) sense cells (Fig. 1A) . Sphingolipid synthesis through the recycling pathway was higher (P , 0.05) in IB3 compared with C38 cells and higher (P , 0.05) in 16HBE14o(2) antisense cells compared with 16HBE14o(2) sense cells (Fig. 1B) . To assess if increased sphingolipid synthesis affects sphingomyelin synthesis, we evaluated the incorporation of 3 H-choline into sphingomyelin. Sphingomyelin synthesis was equally increased (P , 0.01) in IB3 and 16HBE14o (2) antisense cells compared with their controls (Fig. 1C) . Expression of LCB1, the major subunit of SPT, measured by densitometry and normalized to expression of actin, was increased 1.7-fold (60.2) in 16HBE14o(2) antisense cells compared with 16HBE14o(2) sense cells ( Fig. 2A ) and 1.3-fold (60.1) in IB3 cells compared with C38 cells (Fig. 2B) . Expression of CFTR in 16HBE14o (2) antisense is decreased to 10% compared with expression of CFTR in 16HBE14o(2) sense cells. Expression of LCB1/CFTR, both normalized to actin and set to 1 in 16HBE14o(2) sense cells, is increased 16-fold in 16HBE14o(2) antisense cells. In contrast to the large difference in CFTR expression between 16HBE140(2) sense and antisense cells, the difference in expression in IB3 cells compared with C38 control cells is lower. Expression of CFTR in IB3 cells is 90% of CFTR expression in C38 control cells. Expression of LCB1/CFTR, both normalized to actin and set to 1 in C38 cells, is increased to 1.5 in IB3 cells.
To evaluate if the effects of CFTR on sphingolipid synthesis are cell type dependent, we expressed CFTR and DF508CFTR in A549 cells, bronchoalveolar cells that do not express CFTR (21) . Compared with controls that were infected with an AdNull control vector, expression of AdDF508CFTR increased (P , 0.01) sphingolipid de novo synthesis (Fig. 3A) and LCB1 protein mass 1.25-fold (60.2) (Fig. 3B, lane 2) . Expression of AdCFTR decreased sphingolipid de novo synthesis (P , 0.05) (Fig. 3A) and decreased LCB1 protein mass to 0.87 (60.2) compared with controls (Fig. 3B, lane 3) . To evaluate if these effects are specific for CFTR, we overexpressed ABCA7 in A549 cells. A549 cells do not express ABCA7 (Fig. 4, lanes 2, 3) .
In contrast to cells transduced with AdDF508CFTR (Fig. 4,  lane 3) , overexpression of pABCA7 did not increase LCB1 expression (Fig. 4, lane 1) or sphingolipid synthesis (data not shown). Together, the data suggest a specific effect of CFTR on LCB1 expression.
Decreased CFTR expression or expression of #F508CFTR increases sphinganine, sphingosine, and sphingomyelin mass
We determined sphingolipid mass to evaluate the net effect of increased sphingolipid synthesis. Sphingosine, sphinganine, and sphingomyelin mass were higher (P , 0.05) in IB3 compared with C38 cells and higher (P , 0.05) in 16HBE14o(2) antisense cells compared with 16HBE14o(2) sense control cells. By the same token, overexpression of DF508CFTR in A549 cells increased (P , 0.05) sphingosine, sphinganine, and sphingomyelin mass, while overexpression of AdCFTR decreased (P , 0.05) sphingosine, sphinganine, and sphingomyelin mass in A549 cells. Although sphingosine-1-phosphate mass was increased in IB3 and 16HBE14o(2) antisense compared with C38 and 16HBE14o(2) sense cells, the differences did not reach significance ( Table 1 ). The data demonstrate increased mass of sphingomyelin and sphingolipids that can function as precursors of lipid signaling molecules in cells that express defective CFTR.
Decreased CFTR expression affects ceramide composition
Compared with controls, mass of C16-dihydroceramide, C22-, and C24-ceramide species was increased in 16HBE14o(2) Fig. 2 . Expression of LCB1, the major subunit of the rate-limiting enzyme of de novo sphingolipid synthesis, correlates inversely with expression of CFTR. Expression of CFTR is decreased to ?10% in 16HBE14o(2) antisense cells compared with expression of CFTR in 16HBE14o(2) sense control cells. LCB1, the major subunit of SPT, the rate-limiting enzyme of sphingolipid de novo synthesis is 1.7-fold (60.2) higher expressed in 16HBE14o(2) antisense cells than in 16HBE14o (2) 1 . Expression of DF508CFTR and decreased CFTR expression are associated with increased sphingolipid synthesis through recycling and de novo pathways. C38, IB3, 16HBE14o(2) sense, and 16HBE14o(2) antisense cells were incubated for 2 h with 3 H-serine to assess sphingolipid synthesis through de novo synthesis or with 3 H-sphinganine to assess sphingolipid synthesis through recycling pathways. To measure sphingomyelin synthesis, cells were incubated for 4 h in the presence of 3 H-choline. Following lipid extraction and separation by thin-layer chromatography, incorporation of the radioactive tracer into ceramide or sphingomyelin was evaluated by scintillation counting. Sphingolipid synthesis through the de novo pathway is more significantly increased in 16HBE14o (2) antisense cells (P , 0.01) compared with 16HBEo(2) sense control cells than in IB3 cells (P , 0.02) compared with C38 control cells (A). Sphingolipid synthesis though the recycling pathway is equally increased (P , 0.05) in IB3 and 16HBE14o(2) antisense cells compared with their respective controls (B). Sphingomyelin synthesis is equally increased (P , 0.01) in IB3 and 16HBE14o (2) antisense cells compared with their respective controls (C). Asterisks indicate significant difference compared with the respective controls (mean 6 SD; * P , 0.05, **P , 0.02, and ***P , 0.01). Data represent the average of at least three experiments carried out in triplicate.
antisense cells (P , 0.05), and mass of C18-ceramide and C18:1-ceramides was decreased (P , 0.05) (Fig. 5) .
Fenretinide decreases sphingolipid synthesis and LCB1 expression
Fenretinide, a synthetic retinoid with multiple actions, including the stimulation of a redox-sensitive ceramide production and an increase of dihydroceramide mass, was shown to inhibit interleukin-8 release in immortalized wild-type and mutant DF508CFTR tracheal epithelial cells, decrease mRNA of interleukin-b and S100 calcium binding protein A8 in lung tissue, previously shown to be overexpressed in CFTR KO mice, and prevent development of osteoporosis in a CF mouse model (10, 19, 29, 30) . We evaluated if fenretinide affects sphingolipid synthesis and LCB1 expression. Fenretinide decreased (P , 0.05) sphingolipid synthesis in 16HBE14o(2) cells and IB3 cells [data not shown for 16HBE14o (2) cells] (Fig. 6A) . To evaluate if the effects of fenretinide are mediated by increasing expression of CFTR, Western analysis was carried out in A549 cells that were transduced with AdNull control vector or AdDF508CFTR. Because sphingolipids can affect protein trafficking, we used fumonisin, an inhibitor of ceramide synthase that decreases ceramide mass, for comparison. Fenretinide and fumonisin decreased LCB1 expression but did not increase CFTR expression (Fig. 6B) . The data suggest that sphingolipid synthesis is amenable to suppression and that the decrease of sphingolipid synthesis and LCB1 occurs through a mechanism that does not affect expression of CFTR.
DISCUSSION
This study identifies a previously unknown regulatory relationship between expression of CFTR and sphingolipid synthesis. The central finding is that expression of defective CFTR, i.e., mutated DF508CFTR or decreased CFTR expression, increases sphingolipid synthesis. Increased sphingolipid synthesis results in significantly increased mass of sphingomyelin, sphingosine, and sphinganine, sphingolipids that affect membrane properties and function as parent compounds of signaling lipids (3, 4, 13) . The data suggest that the effects of CFTR on sphingolipid metabolism are specific and independent of expression in human lung epithelial model cell lines. Sphingolipid synthesis and mass are increased by overexpression of DF508CFTR in cells that do not express CFTR and decreased by overexpression of CFTR, but not of another ABC transporter, ABCA7.
Increased and decreased mass of the sphingolipid ceramide was recently causally implicated in the complex pathophysiology that characterizes the CF phenotype. The effect of CFTR knockout on sphingolipid mass is currently not well defined, as ceramide mass was shown to be decreased in a complete CFTR knockout mouse model and shown to be increased in other CFTR mouse models that differed with regard to background strain, dietary requirements, and residual CFTR expression in the gut (11, 12) . Our data show that decreased expression of CFTR in 16HBE14o(2) Fig. 3 . Overexpression of DF508 CFTR increases sphingolipid synthesis and LCB1 expression. Overexpression of CFTR decreases sphingolipid synthesis. A: A549 cells, a human bronchioalveolar cell line that does not express CFTR, was transduced with 10 12 pfu/ml AdNull, AdDF508, or AdCFTR. Forty-eight hours after infection, sphingolipid de novo was assessed by evaluating incorporation of 3 H-serine into ceramide. Compared with controls that were transduced with the AdNull control vector, sphingolipid de novo synthesis is increased (P , 0.01) in A549 cells that express DF508CFTR and decreased (P , 0. antisense cells, in contrast to expression of DF508CFTR, affected ceramide composition. The mass of four saturated long-chain ceramide species was proportionally increased, and mass of C18:0 and C18:1 saturated fatty acids was decreased, suggesting that failure to express CFTR has distinct effects on ceramide species composition, although exact mechanisms are currently not known. Increased long-chain saturated ceramides could also reflect altered membrane lipid requirements during rapid cell growth (9, 14, 31, 32) . Of note is that similar observations with regard to ceramide composition were made in human plasma from CF patients. The observation that six of the seventeen determined ceramide species were significantly lower in human CF plasma that was obtained from a broad range of genotypes therefore support the relevance of the finding made in 16HBE14o(2) antisense cells (11) .
Ceramide species are synthesized by ceramide synthases that result in attachment of the fatty acid to the sphingoid long-chain base (33) . The six currently known ceramide synthases are specific for groups of different fatty acids; however, the pattern found in the 16HBE14o(2) cells does not match the characteristics of either one, although it cannot be ruled out that ceramide synthase specificity in human bronchoepithelial cells differs from other cell types. A more likely mechanism that affects composition of ceramides implicates sphingolipid synthesis through the de novo pathway, previously shown to affect ceramide species composition (34, 35) . In agreement with this literature is that expression of LCB1 and sphingolipid synthesis through the de novo pathway was more significantly Fig. 5 . Decreased CFTR expression affects composition of ceramide mass. Mass of major cellular saturated ceramide species was determined in 16HBE14o(2) cells that express the sense CFTR construct and 16HBE14o(2) cells transfected with the antisense CFTR construct resulting in decreased expression of CFTR. Compared with controls, mass of C16-dihydroceramide, C22-, C24-, and C26-ceramides is higher (P , 0.05) and mass of C18-and C18:1 ceramide species is lower (P , 0.05) in 16HBE14o(2) cells that express the CFTR antisense construct. Data are expressed as a percentage of change compared with 16HBE14o(2) sense controls. Expression of defective CFTR (DF508CFTR or decreased CFTR) increases (P , 0.05) sphinganine (SA), sphingosine (SO), and sphingomyelin (SM) mass. Overexpression of AdCFTR decreases (P , 0.05) sphinganine, sphingosine, and sphingomyelin mass. Sphingosine-1-phosphate (S-1-P) mass is increased and decreased accordingly, but the differences did not reach significance. Mass of sphinganine, sphingosine, and sphingosine-1-phosphate is expressed in ftmol/nmol inorganic phosphate. Mass of sphingomyelin is expressed in ng/mg protein. Data represent the average of more than three experiments carried out in triplicate (* P , 0.05). Fig. 6 . Fenretinide inhibits sphingolipid synthesis and LCB1 expression. A: C38 and IB3 cells were incubated for 6 h in the presence of fenretinide (10 mM), followed by assessment of sphingolipid de novo synthesis, measured by incorporation of 3 H-serine into ceramide. After lipid extraction, ceramide was separated by thin-liquid chromatography and counts were measured by scintillation counting. Fenretinide decreases sphingolipid synthesis in IB3 cells. Incubation for 6 h in the presence of fenretinide (10 mM) did not cause apoptosis or cytotoxicity. Asterisks indicate significant difference compared with the respective controls (mean 6 SD; * P , 0.05). The data represent average results of three different experiments carried out on different days in triplicate. B: A549 cells were transduced with 10 12 pfu/ml AdCFTR or AdDF508CFTR. Fortyeight hours later, cells were incubated for 6 h with fenretinide (10 mM) or fumonisin B1 (10 mM). Fifty microliters of total protein was separated on a 7.5% Tris-glycine gel, transferred, and probed for LCB1, CFTR, and actin expression. LCB1 expression is higher in cells that express DF508CFTR. Fenretinide and fumonisin decrease LCB1 expression. increased in 16HBE14o(2) antisense cells, while the increase in LCB1 expression in IB3 cells is minor compared with C38 controls, and de novo sphingolipid synthesis is less significantly increased in IB3 compared with C38 cells. The significance of altered ceramide composition, specifically of increased saturated long-chain ceramides could be their effect on biophysical membrane properties, as the length and saturation of acyl chains determine membrane fluidity and the interaction with other lipids and proteins. Possibly, expression of defective CFTR, previously reported to coincide with characteristics of a destabilized membrane, triggers the synthesis of a class of lipids that promote membrane stabilization (2) . If membrane stability were indeed affected by expression of defective CFTR, then an increase in sphingolipid and sphingomyelin synthesis and mass would be a compensatory mechanism directed to increase membrane stability or embedment of CFTR into the sphingolipid and cholesterol-rich membrane regions it has been associated with (3, 4) . According to this model, increased sphingolipid synthesis would reflect a state in which significantly decreased CFTR expression, as in 16HBE14o (2) antisense cells, would reflect a state that makes it necessary to maximally increase membrane stability.
In this study, sphinganine, sphingomyelin, and specifically sphingosine mass were significantly higher in the 16HBE14o(2) cells than in the C38 and IB3 cell model. This could be due to the difference in cell models. Mechanisms for this observation are not known, as little is known about the sphingolipid mass composition of human bronchoepithelial cells in general or the combined effect of increased de novo synthesis that characterizes 16HBE14o (2) antisense cells, together with the absence of a trafficking defect mediated by DF508CFTR on sphingosine mass. Consistent for each cell type, however, is that the presence of CFTR in control cells, as well as mediated by overexpression of AdCFTR in A549 cells, decreases sphingosine mass almost 3-fold.
Together, our data suggest that CFTR functions within a feedback system that affects the regulation of sphingolipid synthesis. Failure to express wild-type CFTR or overexpression of DF508CFTR in cells that do not express CFTR, perhaps by displacement of a functional protein, increases sphingolipid synthesis. Recognition of increased synthesis of sphingolipids that affect membrane lipid composition and can function as signaling molecules is expected to further the understanding of the multiple consequences caused by mutated CFTR.
